Abstract. Earthworms and their growth media were analyzed for 33 elements, including radionuclide related elements such as Cs, Sr and U, in order to obtain basic information on the transfer parameters of the elements. The earthworms analyzed were Eisenia foetida fed in the laboratory by using cotton linters or leaf litter. The concentrations and transfer factors (TFs) of the elements were determined. Relatively high TFs were observed for Na, Mg, P, K, Ca, Co, Ni, Cu, Zn, Rb, Mo and Cd. The TFs for Al, Sc, Ti, Y, Nb and lanthanide elements were low. The TFs of alkaline elements, K, Rb and Cs, decrease with atomic number. The TFs of Cs were 0.16 for both media. Multi-element analyses could provide much information on the concentration and transfer of elements for earthworms which are one candidate reference organism for environmental radiation protection studies.
INTRODUCTION
Increasing concern about environmental radiation protection has raised awareness that more information is required on the transfer and accumulation of radionuclides in the biological compartments of ecosystems. The International Commission on Radiological Protection (ICRP) is planning to select worm as one of the reference organisms in their radiation protection recommendations. Earthworms play an important role in ecosystems, and might be a good indicator of soil contamination and its effect on the ecosystem. The Organization for Economic and Cooperative Development (OECD) has recommended the use of earthworm mortality for the chemical toxicity test [1] . Several biomarkers such as DNA alterations and Cholinesterase activity in earthworms following exposure to chemicals were also proposed [2] . The elemental composition of earthworms gives useful information on background levels and possible accumulation of toxic metals as well as related radionuclides. In addition, a change of the elemental composition itself might be a possible indicator of effects on earthworms and/or ecosystems. However, data for the elemental composition of earthworms are limited except for some specific heavy metals such as Cd, Zn, Pb and Cu [e.g. [3] [4] [5] . Data on multi-element concentration in earthworms were reported by Zheng et al. [6] and Rossbach and Stoeppler [7] . There are, however, no reports for multi-element transfer from a medium to earthworms. Although accumulation of radiocesium was studied by several scientists as summarized by Brown and Bell [8] , the accumulations of other radionuclides have been reported in only a limited number of references.
The objective of this work is to provide basic information needed for an earthworm feeding method, a multi-element analysis method, and elemental composition and transfer parameters of the elements for the earthworm. Both the earthworms fed in the laboratory and their growth media were analyzed for more than 30 elements, including radionuclide related elements such as Cs, Sr, and U, by using inductively coupled plasma mass spectrometry (ICP-MS) and inductively coupled plasma atomic emission spectrometry (ICP-AES).
MATERIALS AND METHOD
Earthworms grown in a laboratory were subjected to analyses. Thirty earthworms (Eisenia foetida) were fed upon leaf litter or cotton linters for 20 days at 20 o C. The leaf litter used was partially fermented leaves commercially sold for gardening. The cotton linters were obtained as a by-product during cotton yarn production. No elements were added artificially. After 20 days, the body surfaces of the worms were rinsed with de-ionized water to remove all media particles. Then, they were kept in de-ionized water for 3 days at 12 o C to remove the materials inside their guts, before they were freeze dried, and pulverized. The leaf litter and cotton linters were also analyzed after being dried and powdered.
Each sample (0.2 g) was digested in a Teflon TM PFA pressure decomposition vessel with acids (HNO 3 , HF and HClO 4 ). A microwave digester (CEM Mars 5) was used to heat the samples for 1 to 2 h. After digestion, the samples were evaporated to dryness. Then, the residues were dissolved in 2% HNO 3 to yield the sample solutions.
Trace elements were measured by ICP-MS (Agilent Technologies Inc. 7500). Rhodium and Bi were used for internal standards to compensate for changes in analytical signals during the operation. Major elements such as Na, K, Mg, Ca and P were analyzed by ICP-AES (Seiko Instruments Inc. VISTA-PRO). Standard solutions were prepared from SPEX Multi-Element Plasma Standards (SPEX Industries Inc.) and used to get calibration curves. Several standard reference materials were used to validate the analytical procedure. Details for the analyses have been described by Yoshida and Muramatsu [9] . Totally 33 elements were determined by ICP-MS and ICP-AES.
RESULTS AND DISCUSSION
Analytical results of earthworms as well as their growth media, cotton linters and leaf litter, are shown in Table 1 . The earthworms, although fed two different media, had similar elemental compositions to each other, especially for major elements, Na, Mg, P, K and Ca. The highest concentration (µg/g-dry) in earthworms fed cotton linters was found for K (11200) followed by P (10500), Na (6200), Ca (3170) and Mg (1270). For earthworms fed in leaf litter, the highest value was found for P (10100) followed by K (9200), Na (8500), Ca (4060) and Mg (1280). The elemental compositions of media for those major elements differed between cotton linters and leaf litter. Concentrations of P, K, Ca and Mg in leaf litter were more than ten times higher than those in cotton linters. These observations seemed to indicate that the concentrations of the major essential elements might be controlled biologically and were kept at constant values.
In order to estimate the accumulation of each element by earthworms, transfer factors (TFs) from media to earthworms were calculated. TF was defined as the ratio of "concentration in earthworm on dry weight basis" to "concentration in medium on dry weight basis". The calculated TFs for 33 elements are summarized in Fig. 1 . The TFs ranged widely depending on the elements. The patterns of the TFs were similar between the earthworms fed upon cotton linters and those fed upon leaf litter, although the value for each element was higher in the former for almost all elements. Relatively high TFs were observed for Na, Mg, P, K, Ca, Co, Ni, Cu, Zn, Rb, Mo and Cd. There are several reports on Cd, Zn, Pb and Cu in earthworms regarding concentration, transfer, chemical form and controlling factors [e.g. [3] [4] [5] . The TFs greater than unity have been found for Cd, Pb and/or Zn in many studies [e.g. [10] [11] [12] . Accumulations of Pb and Cd in the gut wall were observed [13] and Cd-metallothionein was isolated from earthworm [14] . The relatively low TF of Pb observed in the present work might be attributable to the low bio-availability of Pb in the media. High TFs of Co, Ni, Rb and Mo were not reported in any previous studies.
The TFs for Al, Sc, Ti, Y, Nb and lanthanide elements were low. Since elements such as Al, Sc and Ti are typically found in soil minerals, the low TFs observed here indicate the complete removal of soil minerals from the inside of the guts before the analyses. It is interesting to note that TFs of U were higher than those of lanthanide elements in both media. In the soil-plant system, the TFs of U and lanthanide elements do not differ with each other [9] . Sheppard and Evenden [15] demonstrated that the uptake of U from soil to earthworms depended on the bio-availabilities of U in the soils. Uptake mechanisms of U by earthworms should be studied further.
The TFs of alkaline elements, K, Rb and Cs, decreased with atomic number. The TFs of Cs were 0.16 both for the earthworms fed cotton linters and the earthworms fed leaf litter. Retention of radiocesium by earthworms feeding upon leaf litter or soil is described as a two-compartment retention system, consisting of non-assimilated and assimilated radiocesium [8, 16] . Non-assimilated radiocesium can be eliminated with the gut contents with relatively rapid half-life (0.2 -0.6 days). The TFs for earthworms cleared of their gut contents were reported to range from 0.03 to 0.06 [8] . Those values were similar to those observed in the present work for stable Cs. The TFs of radiocesium calculated on the basis of equilibrium concentration with the liquid media were much higher, and ranged from 7.3 to 37.9 [17] .
The TFs of alkaline earth elements and Mg also decreased with atomic number. The TFs of Sr were 0.85 for the earthworm fed upon cotton linters and 0.05 for the earthworm fed upon leaf litter.
The higher TFs observed in earthworms fed upon cotton linters than those in earthworms fed upon leaf litter might be attributable to the higher bio-availabilities of the elements in the cotton linters. Further investigations are required for the bio-availabilities of the elements in the media.
Multi-element analyses have provided much information on the concentration and transfer of elements for earthworms. Such studies could be useful in collecting basic information on the reference organisms for environmental radiation protection. We are currently studying samples collected in a natural environment in the Netherlands. This new study is expected to yield comprehensive information on the concentration and transfer of multi-elements in earthworms and soil systems.
